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Abstract
Chondrules, mm-sized igneous-textured spherules, are the dominant bulk silicate constituent of chondritic meteorites and
originate from highly energetic, local processes during the first million years after the birth of the Sun. So far, an astrophys-
ically consistent chondrule formation scenario explaining major chemical, isotopic and textural features, in particular Fe,Ni
metal abundances, bulk Fe/Mg ratios and intra-chondrite chemical and isotopic diversity, remains elusive. Here, we examine
the prospect of forming chondrules from impact splashes among planetesimals heated by radioactive decay of short-lived
radionuclides using thermomechanical models of their interior evolution. We show that intensely melted planetesimals with
interior magma oceans became rapidly chemically equilibrated and physically differentiated. Therefore, collisional interactions
among such bodies would have resulted in chondrule-like but basaltic spherules, which are not observed in the meteoritic
record. This inconsistency with the expected dynamical interactions hints at an incomplete understanding of the planetary
growth regime during the lifetime of the solar protoplanetary disk. To resolve this conundrum, we examine how the observed
chemical and isotopic features of chondrules constrain the dynamical environment of accreting chondrite parent bodies by
interpreting the meteoritic record as an impact-generated proxy of early solar system planetesimals that underwent repeated
collision and reaccretion cycles. Using a coupled evolution-collision model we demonstrate that the vast majority of collisional
debris feeding the asteroid main belt must be derived from planetesimals which were partially molten at maximum. There-
fore, the precursors of chondrite parent bodies either formed primarily small, from sub-canonical aluminum-26 reservoirs, or
collisional destruction mechanisms were efficient enough to shatter planetesimals before they reached the magma ocean
phase. Finally, we outline the window in parameter space for which chondrule formation from planetesimal collisions can be
reconciled with the meteoritic record and how our results can be used to further constrain early solar system dynamics.
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1. Introduction
Chondrules are igneous-textured spherules, typically 0.1–
2 mm in diameter, and largely composed of the silicate
minerals olivine and pyroxene. They are abundantly found
in chondritic meteorites, together with other disk materials,
such as Ca,Al-rich inclusions (CAIs) and the fine-grained
matrix that includes presolar grains and primitive organics
(Scott and Krot, 2014). Chondrules are often surrounded
by or close to beads of Fe,Ni metal (e.g., Wasson and Ru-
bin, 2010; Jones, 2012) and show specific features, such as
high abundances of moderately volatile elements like Na, K
and S (Alexander et al., 2008; Scott and Krot, 2014; Con-
nolly and Jones, 2016) and diverse chemical and isotopic
signatures (Jones and Schilk, 2009; Hezel and Palme, 2010;
Olsen et al., 2016). Their peak temperatures were ∼ 1900 K
or higher (Alexander et al., 2008; Connolly and Jones, 2016)
∗Corresponding author. E-mail: tim.lichtenberg@phys.ethz.ch.
with subsequent cooling in minutes to days (e.g., Hewins
et al., 2012; Desch et al., 2012; Wick and Jones, 2012). Most
chondrules were formed during the earliest phases of the so-
lar system within the first 3–4 million years after the formation
of CAIs (e.g., Villeneuve et al., 2009; Connelly et al., 2012)
and show clear evidence for multiple melting cycles (Rubin,
2017, and references therein).
Because of their enigmatic features coupled with high-
energy processing, chondrule formation is considered to be
intimately linked to the physical processes in the protoplan-
etary disk or planetary accretion and spawned a multitude
of proposed formation mechanisms. The often underlying
view of how chondrules are intertwined with the planet for-
mation process is that they were formed before accretion and
therefore represent the fundamental building materials of the
planets and asteroids (Connolly and Jones, 2016). In this
case, chondrules are formed before parent body accretion,
either by melting dust aggregates by nebular shocks (Desch
and Connolly, 2002; Morris and Desch, 2010; Morris et al.,
Preprint submitted to Icarus November 8, 2017
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2016), for example related to global disk instabilities (Boss
and Durisen, 2005; Lichtenberg and Schleicher, 2015), or
condensation of melts and crystals (Blander et al., 2004;
Nagahara et al., 2008). In contrast, if chondrules formed
via processes involving already formed planetesimals, the
interpretation of their role would shift to a ‘by-product’ of
planet(esimal) formation (see discussion in Section 4).
Recently proposed chondrule formation scenarios con-
sidered melt spray from subsonic collisions (‘splashes’) be-
tween similar-sized planetesimals, which were fully melted
by decay heat from 26Al (Asphaug et al., 2011; Sanders
and Scott, 2012) or impact ‘jetting’ via collisions of plan-
etesimals with undifferentiated protoplanets (Johnson et al.,
2015; Hasegawa et al., 2016; Wakita et al., 2017). Colli-
sional mechanisms were suggested previously and offer at-
tractive solutions to many chondrule features (Krot et al.,
2005; Sanders and Scott, 2012; Stammler and Dullemond,
2014; Dullemond et al., 2014, 2016; Marrocchi et al., 2016).
From a dynamical point-of-view, collisional interactions of
planetesimals and embryos during accretion are inevitable
and expected to create a vast amount of continuously repro-
cessed debris (Bottke et al., 2006; Carter et al., 2015; Jacob-
son and Walsh, 2015; Asphaug, 2017; Bottke and Morbidelli,
2017) that inherits the geochemical features from previous
planetesimal generations.
Collisional models of chondrule formation considering
fully-molten planetesimals, and thus highly energetic internal
magma oceans with temperatures above the liquidus (As-
phaug et al., 2011; Sanders and Scott, 2012), have the ad-
vantage that bodies interacting at low speeds (∼ around the
two-body escape velocity) can cause a melt spray ejection
into the ambient disk medium that provides the inferred cool-
ing regime for chondrules and the required solid densities
to preserve primitive abundances of moderately volatile el-
ements (Sanders and Scott, 2012; Dullemond et al., 2014,
2016).
For consistency with the observed metal abundances in
and around chondrules (Wasson and Rubin, 2010; Palme
et al., 2014; Connolly and Jones, 2016), droplet entrainment
in a vigorously convecting magma ocean has been invoked
to prevent efficient and complete metal-silicate segregation
(Asphaug et al., 2011; Sanders and Scott, 2012; Asphaug,
2017). However, metal sequestration into the planetesimal
core may have been rapid in magma ocean planetesimals
as, for instance, supported by the old ages of iron mete-
orites (Kruijer et al., 2014). In this case, re-establishing
post-collisional bulk Fe/Mg ratios and forming chondrites with
metal beads would require a complicated and highly unlikely
scenario of (i) partial oxidization of the metal cores of fully
differentiated planetesimals and (ii) violent remixing of the
remaining metal core material with mantle silicates during or
after the collision (Palme et al., 2015). Additionally, chemi-
cal (Jones et al., 2005; Hezel and Palme, 2007; Palme et al.,
2014) and isotopic (Bauer et al., 2016; Olsen et al., 2016)
heterogeneities between single chondrules of the same me-
teorite cannot be retained if vigorous convection at low sil-
icate viscosities homogenized the bulk volume of primitive
planetesimals down to chondrule-sized microscales.
However, it is well known that the interior evolution of plan-
etesimals alone could create a diverse range of thermal his-
tories and interior structures (e.g., Hevey and Sanders, 2006;
Lichtenberg et al., 2016a), where magma ocean planetesi-
mals are only one end-member type. In addition, the struc-
ture and chemistry of planetary materials was potentially
further altered due to repeated collision–reaccretion cycles,
which may generate varying thermal and chemical histories
on a cm–m scale of planetary materials. Here, we probe the
thermal and chemical evolution of such debris in a dynamical
setting for the early solar system, where small (< 100 km)
planetesimals were continuously formed over a given time-
frame during the lifetime of the circumstellar disk, evolved
internally due to radiogenic heating, and were subsequently
destroyed by collisions. To evaluate the thermal and chemi-
cal state of the debris over time, we quantify the processes
governing metal-silicate segregation and chemical diversity
within molten planetesimals and model their thermal histo-
ries dependent on their sizes and initial 26Al abundances.
To classify the parameter space that is (in-)consistent with
chondrule formation from impact splashes among similar-
sized planetesimals, we calculate the combined influence
of interior evolution and collisional parameters in a simple
Monte Carlo model. We describe our methodology in Sec-
tion 2 and show the results from our scalings and computa-
tions in Section 3. We discuss our findings and the limits of
our approach in Section 4, and draw conclusions in Section
5.
2. Methods
2.1. Scaling analysis
This first part of our analysis aims to quantify the thermo-
chemical processes governing the interior of planetesimals
with high melt fractions above the rheological transition. The
rheological transition of silicates describes the critical melt
fraction ϕcrit ∼ 0.4–0.6 (Costa et al., 2009) at which the sil-
icate viscosity drops by orders of magnitude (from rock- to
water-like behavior). At this range, the dynamic state of the
system changes from solid-state creep processes to liquid-
like convectional motions in an interior magma ocean. Here,
we describe the processes in an idealized system that rep-
resents the end-member scenario of a planetesimal that has
fully melted as a result of 26Al decay.
2.1.1. Metal-silicate segregation from Fe,Ni droplet rainfall
For the case of a fully-molten planetesimal, we parameter-
ize the rain-out of Fe,Ni metal droplets following the descrip-
tion by Solomatov (2015). The dynamic processes in the
magma ocean are determined by its viscosity, which drops
by orders of magnitude at the rheological transition ϕcrit ∼
0.4–0.6 (Costa et al., 2009), from η ∼ 1017 Pa s to 10−2 Pa s
(Rubie et al., 2003; Liebske et al., 2005), as listed in Table 1.
In melt regimes valid for planetesimals, the convective heat
2
Table 1: List of physical parameters used.
Parameter Symbol Value Unit References
Density of uncompressed solid silicates ρSi−sol 3500 kg m−3 (1,2)
Density of uncompressed molten silicates ρSi−liq 2900 kg m−3 (1)
Density of uncompressed iron ρFe 7540 kg m−3 (3)
Ambient temperature T0 290 K (3,4)
Activation energy Ea 470 kJ mol−1 (5)
Dislocation creep onset stress σ0 3 · 107 Pa (6)
Power law exponent n 4 non-dim. (5)
Latent heat of silicate melting LSi 400 kJ kg−1 (3,6)
Melt fraction at rheological transition ϕcrit 0.4 non-dim. (8,9)
Silicate heat capacity cP 1000 J kg−1 K−1 (6)
Thermal diffusivity κ 1 · 10−6 m2 s−1 (6)
Thermal expansivity of solid silicates αSi−sol 3 · 10−5 K−1 (2)
Thermal expansivity of molten silicates αSi−liq 6 · 10−5 K−1 (2)
Thermal expansivity of iron αFe 1 · 10−5 K−1 (9)
Thermal conductivity of solid silicates k 3 W m−1 K−1 (10)
Thermal conductivity of molten silicates keff ≤ 106 W m−1 K−1 (11)
Min. unsintered silicate thermal conductivity klow 10−3 W m−1 K−1 (12,13)
Temperature at onset of hot sintering Tsint 700 K (12)
Peridotite solidus temperature Tsol 1416 K (14)
Peridotite liquidus temperature Tliq 1973 K (15)
Lower cut-off viscosity ηnum 1017 Pa s (16)
Silicate melt viscosity ηmelt 10−2 Pa s (17)
Droplet surface energy σ 1 N m−1 (18)
Chemical diffusivity of silicates κC 10−8 m2 s−1 (18)
References: (1) Stolper et al. (1981), (2) Suzuki et al. (1998), (3) Ghosh and McSween (1998), (4) Barshay and Lewis (1976), (5) Ranalli (1995), (6) Turcotte
and Schubert (2014), (7) Costa et al. (2009), (8) Solomatov (2015), (9) Boehler et al. (1990), (10) Tarduno et al. (2012), (11) Golabek et al. (2014), (12)
Yomogida and Matsui (1984), (13) Henke et al. (2012), (14) Herzberg et al. (2000), (15) Trønnes and Frost (2002), (16) Lichtenberg et al. (2016a), (17)
Liebske et al. (2005), (18) Rubie et al. (2003)
flux q of the magma ocean can be calculated via
q = 0.089k
(Tm − T0)Ra1/3
D
, (1)
with Rayleigh number
Ra = αSi−liqgρref
(Tm − T0)D3
κη
, (2)
potential temperature Tm, ambient (and surface) tempera-
ture T0 = 290 K, thermal diffusivity κ = k/(ρcp), thermal con-
ductivity of solid silicates k, silicate heat capacity cp, thermal
expansivity of molten silicates αSi−liq, depth of the magma
ocean D, silicate densities
ρs = ρsol − (ρsol − ρliq) · ϕ, (3)
ρsol = ρSi−sol · (1 − αSi−sol · [T − T0]), (4)
ρliq = ρSi−liq · (1 − αSi−liq · [T − T0]), (5)
temperature T and thermal expansivity of solid silicates
αSi−sol. See Table 1 for the numerical values used. The con-
vective velocities are then
vs ≈ 0.6
(
αSi−liqglq
ρscp
)1/3
, (6)
with gravity g, and mixing length l ∼ D ∼ RP. Based on
laboratory experiments, it has been shown that droplets can
be suspended (or re-entrained) by the convective flow if their
diameter is
d ≤ ρs(vs/x∗)
2
0.1(ρm − ρs)g , (7)
with metal density
ρm = ρFe · (1 − αFe · [T − T0]), (8)
thermal expansivity of iron αFe and constant factor x∗ = 60
(Solomatov, 2015). Metal droplets suspended in the magma
tend to be drawn together into spherical droplets, minimizing
their surface area. Their stability is determined by the ratio
between the stagnation pressure and the internal pressure
caused by surface tension, given by the Weber number We,
which can be used to estimate the expected sizes of droplet
diameters
d =
σ ·We
(ρm − ρs)v2s
, (9)
with surface energy σ, where We ≤ 10 is the stability thresh-
old (Rubie et al., 2003). For a given depth of the magma
ocean D ∼ RP, melt fraction ϕ, and the numerical values
listed in Table 1, we can determine the ratio of the expected
droplet sizes and the upper limits for suspension (Section
3.1, Figure 3). The expected droplet size must be smaller
3
than the upper limit for suspension for the droplets to be en-
trained in the flow and resist rain-out onto the planetesimal
core.
2.1.2. Chemical equilibration via turbulent diffusion
Metal-silicate separation via the rainfall mechanism is not
the only process that shapes the interior dynamics of a fully-
molten planetesimal. Chemical and nucleosynthetic het-
erogeneities, inherited from the solar nebula prior to plan-
etesimal formation, can be erased by large-scale convective
mixing once the silicate rheology transitions to fluid-like be-
haviour. In addition to planetesimal-scale mixing, chemical
diffusion (Rubie et al., 2003) from dissipation of turbulent en-
ergy down to the so-called Kolmogorov microscales affects
chondrule- and grain-sized regions – the precursor material
for chondrules in the splashing model. The time scale at
which neighbouring cells achieve such miscroscale chemi-
cal equilibration can be estimated via the local diffusion time
scale
teq = l2K/κC, (10)
with the Kolmogorov length scale lK and the chemical dif-
fusivity κC (Table 1). The Kolmogorov length scale is given
as
lK =
 η3meltD
ρ3Si−liqv
3
s
1/4 , (11)
with the viscosity of the magma ocean ηmelt, the density of
molten silicates ρSi−liq and vs the convection velocity in the
magma ocean calculated from Equation 6. Like in the section
before, we choose to approximate the magma ocean length
scale D with the planetesimal radius RP, because in turbu-
lent systems the dissipation rate at the smallest scales is pri-
marily determined by the length scale of total kinetic energy
in the turbulent motions; that is, the planetesimal radius in
the case of a fully-molten magma ocean planetesimal. Us-
ing these scalings, we compute the time scales for diffusion,
dependent on the radius of the planetesimal and the silicate
viscosity.
In addition, we plot the time scales for collisions between
similar-sized objects (Asphaug, 2010) in a planetesimal col-
lision setting using
tcoll =
2RP
∆v
(12)
with the impact velocity ∆v. Using the parameters given in
Table 1, we derive scalings for various melt fractions, plan-
etesimal radii and impact velocities, which are displayed in
Figure 4 (Section 3.1).
2.2. Thermomechanical evolution of planetesimals
To bring the former calculations into context, we now
consider the time-dependent interior evolution of planetes-
imals participating in potential chondrule-forming collisions
in the early solar system. To do so, we model their ther-
momechanical histories using two-dimensional fluid dynam-
ics simulations employing a conservative finite-differences
1.0 Myr 1.5 Myr
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Figure 1: Thermal evolution of a planetesimal that is 10 km in radius and
formed at 0.5 Myr after CAIs in our 2D cylinder geometry models. Silicate
melt fractions are indicated with black isolines, and the temperature color
scale ranges linearly from ∼290 K (black) to ∼1650 K (bright yellow).
fully-staggered grid formulation (Gerya and Yuen, 2003,
2007). The numerical model is described in detail in Golabek
et al. (2014) and Lichtenberg et al. (2016a, and references
therein), which is why we only briefly summarize its main
characteristics here. The code solves the continuity, Stokes
and location-dependent Poisson equation for self-gravity of
material together with the energy equation, which includes
source terms for radiogenic, shear and latent heat produc-
tion. Physical properties are advanced using Lagrangian
markers to minimize numerical diffusion and capture sharp
viscosity and temperature gradients. To account for the solar
system-specific 26Al heating term (Lichtenberg et al., 2016b),
the so-called ‘canonical’ abundance of 26Al/27Al = 5.25 · 10−5
at CAI formation (Kita et al., 2013) is adopted.
The silicate melt is parameterized according to a peri-
dotitic composition, taking into account both consumption
and release of latent heat. For melt fractions ϕ ≥ 0.4 the con-
vective heat flux is approximated using the soft turbulence
formulation (Kraichnan, 1962; Siggia, 1994). All our models
incorporate an initial macroporosity (inverse filling-factor) of
φinit = 0.3, where sintering and compaction effects are pa-
rameterized using constraints from laboratory experiments
(Henke et al., 2012; Gail et al., 2015).
The numerical models were run using a two-dimensional
infinite cylinder geometry on a Cartesian grid, starting from
ambient temperature of T0 = 290 K, as for such small bod-
ies accretionary heat is insignificant (Schubert et al., 1986;
Elkins-Tanton et al., 2011), and are surrounded by a low-
density and low-viscosity layer of ’sticky air’ that serves as
heat sink (Schmeling et al., 2008; Crameri et al., 2012). The
parameter space investigated spans the regime of RP = 10–
100 km in steps of 10 km, and tform = 0.1–1.5 Myr after CAIs
in steps of 0.1 Myr, the potential formation time interval of
chondrule precursor material (Luu et al., 2015). Illustrations
of the two-dimensional temperature and melt fraction evolu-
tion for a single simulation and the entire simulation grid are
shown in Figure 1 and Figure 2, respectively. Further visual-
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Figure 2: Maximum temperatures Tmax reached within planetesimals of ra-
dius RP and formation time tform. Small planetesimals below 20–30 km in
radius reach significantly lower temperatures than larger bodies for a given
formation time.
izations and analyses of the major qualitative regimes of the
time-dependent thermal and density evolution are shown in
Lichtenberg et al. (2016a).
Importantly, our model utilizes a scaling for the cooling of
a low-viscosity magma ocean, in which the effective thermal
conductivity across finite-difference nodes is given as
keff = (q/0.089)3/2 ·
αSi−liqgcp
∆T 2ρsηnum
(13)
with the convective heat flux q, the temperature difference
across the nodes ∆T , the silicate density ρs, the thermal
expansivity αSi−liq, gravity g, and the lower cut-off viscos-
ity ηnum = 1017 Pa s. This effective heat flux numerically
approximates the increased heat flux during magma ocean
stages and results in a more effective cooling of regions
which are subject to the highest temperatures (Hevey and
Sanders, 2006; Lichtenberg et al., 2016a). We use these
interior evolution models to determine the time-dependent
thermal structure of the planetesimals together with the scal-
ings from Section 2.1.1 and 2.1.2 to evaluate which parts of
their interior can be eligible as chondrule precursor bodies at
a given time after the formation of CAIs.
2.3. Evolution-collision model
The evolution of the precursor bodies is important to un-
derstand the energetic state and evolution of the silicates
before the chondrule forming impact event. However, if the
planetesimal body is not fully molten (ϕ < ϕcrit), the impact
energy is necessary to elevate the silicate temperatures to
above the chondrule formation temperature of Tchondrule ≥
1900 K and eject the molten material from the two bodies.
When material is freed from the colliding bodies during the
impact, it is first compressed by the impact shock wave and
then decompressed after ejection. By this process, fractions
of the lithostatic/hydrostatic pressure within the planetesi-
mal are converted into surface energy of magma (chondrule)
droplets (Asphaug et al., 2011; Asphaug, 2017). In order to
produce a melt spray that is consistent with the thermal his-
tories of chondrules, at least parts of the material must have
been heated to Tchondrule ≥ 1900 K (Alexander et al., 2008;
Connolly and Jones, 2016) and subsequently cool down in
an emerging droplet cloud of high density (Dullemond et al.,
2014, 2016).
In order to demonstrate the influence of the pre-collision
state on chondrule thermal histories and the post-collision
energy distribution, we have developed a Monte Carlo ap-
proach. The a priori assumption for this model is that plan-
etesimals collide continuously during 0–5 Myr after CAI for-
mation. Furthermore, when bodies collide, they generate de-
bris and new planetesimals may be created from this mate-
rial. For the moment, bodies from primordial and reaccreted
material are treated the same, i.e., the material does not
have a chemical ‘memory’ of prior generations. We discuss
these and other assumptions in Section 4.
We start by randomly generating planetesimals in agree-
ment with a radius power law
dN/dRP ∝ R−qP , (14)
with the number of bodies N and power law index q = 2.8,
consistent with shearing-box simulations of the streaming
instability mechanism (Johansen et al., 2015; Simon et al.,
2016, 2017). Using this power law, we generate integer radii
RP ≥ RP,min according to
RP = ||RP,min(1 − xrand)−1/(q−1)||, (15)
with the minimum planetesimal radius in our parameter
space RP,min = 10 km and pseudo-random number xrand =
0–1. Depending on the regime chosen (RP,max = 20, 30, 50,
100 km) we accept or reject radii exceeding the upper limit
value, resulting in an approximate power law distribution.
Following the approach of Wetherill and Stewart (1993)
(as described in Morbidelli et al., 2009, Supplementary Ma-
terial therein), we build a normalized collision probability dis-
tribution of pair-encounters for the generated planetesimals
during a time step δt using
Nˆc,ij = NiNjFg,ij(Ri + Rj)2, (16)
with bodies of different sizes i and j with their respective
numbers Ni and Nj and radii Ri and Rj and gravitational fo-
cusing factor Fg,ij ≈ 1 for the velocity dispersions chosen
here. Next, we sample the collision probability distribution
using a linear alias method to return NP,tot/2 collision pairs
i j, where NP,tot is the total number of bodies in the generated
planetesimal family.
Each planetesimal in each collision pair is randomly as-
signed a formation time tform = [tmin, tmax ], with tmin = 0.1
or 0.5 Myr, and tmax = 1.5 Myr. Additionally, we investigated
a parameter space where tmin and tmax varied with collision
time tcollision, such that tmin = tcollision- ∆t, where ∆t = 0.5 or 0.7
Myr (but tmin = 0.1 Myr at minimum and tmin = 1.0/0.8 Myr at
5
maximum) and tmax = 1.5 Myr. Naturally, the maximum for-
mation time was limited to tcollision in case tcollision < tform,max =
1.5 Myr. The collision pair is assigned a randomized impact
angle θ = [35, 55]◦ and a collision velocity ∆v = 0.5, 1.0, 1.5
or 2.0 km/s, according to the specific setting. The different
parameter choices are summarized in Table 2.
Table 2: Parameters for the Monte Carlo collision model with the maximum
radius of a planetesimal family RP,max, the earliest formation tform,min, the
latest formation tform,max, the maximum planetesimal dwell time ∆t and the
velocity dispersion ∆v. See text for details on the assumptions.
Parameter Unit Values
RP,max km 20, 30, 50, 100
tform,min Myr 0.1, 0.5
tform,max Myr 1.5
∆t Myr 0.5, 0.7
∆v km/s 0.5, 1.0, 1.5, 2.0
We evaluate each collision, depending on the sizes (and
therefore masses, assuming constant initial densities of ρ =
3500 kg/m3) Ri and Rj, angle θ and impact speed ∆v, em-
ploying the edacm model of Leinhardt and Stewart (2012). If
the outcome is super-catastrophic, defined as the mass of
the largest intact remnant block after the collision being less
than 0.1 of the combined mass, we calculate the thermal ef-
fect on the remnant material as described further below. We
note that the model of Leinhardt and Stewart (2012) has re-
cently been challenged regarding the catastrophic disruption
threshold. Movshovitz et al. (2016) argue for a lower thresh-
old value than Leinhardt and Stewart (2012), thus our esti-
mate for super-catastrophic break-up using the edacm scal-
ing can be seen as a conservative approach so that we do
not overestimate the number of super-catastrophic collisions,
and thus potential chondrule material.
For categorizing the collisional debris, we evaluate the
thermal state and material properties of each planetesimal
in a collision pair before the impact using a two-dimensional
bilinear interpolation from the initial RP-tform parameter grid
(see Figure 2 and Section 3.1) of the time-dependent nu-
merical models described in Section 2.2. The injected en-
ergy from body i to j, ∆Eij = Ekin,i − Epot,j, with the ki-
netic energy of impactor i, Ekin,i, and potential energy of
target j, Epot,j, is homogenized over the target volume via
∆Ej,k = (Ekin,k/Epot,j)∆Eij, where the target volume is sub-
divided into n shells with energy Epot,k. If the injected en-
ergy ∆Ej,k into a sub-volume of the target is greater than the
energy needed to heat it to above the chondrule formation
temperature Tchondrule, the material is categorized as post-
collision liquid Vˆpc,chondrule (Tpost > Tchondrule, Figure 9), nor-
malized by the total debris volume of the colliding family of
planetesimals. The necessary energy is given by
∆Echondrule,k = [(Tchondrule − Tk) · cp (17)
+ LSi · (ϕchondrule − ϕk)] · mk,
with temperature Tk, minimal chondrule formation peak melt
fraction ϕchondrule, latent heat of silicate melt LSi, melt frac-
tion ϕk and mass mk of the specific sub-volume. If it does
not reach Tchondrule, it is counted as Vˆpc,residual, further sub-
divided into partially melted (Tchondrule > Tpost > Tsol, Fig-
ure 9) and unmelted material (Tpost < Tsol, Figure 9). If
the material exceeded the defined melt fraction threshold for
metal loss ϕcrit (0.4, 0.5 or 0.6) before the collision, the sub-
volume is counted as Vˆpc,loss (ϕpre > ϕcrit, Figure 9). We re-do
these steps for each planetesimal of each collision pair for
all timesteps starting from 0.1 Myr (or 0.5 Myr, Supplemen-
tary Figures) after CAI until 5 Myr after CAI, where for each
timestep a new ’collision family’ is generated. For instance,
for model setting tform = [0.1, 1.5] Myr at time t = 0.8 Myr, the
planetesimals in the colliding family were randomly drawn
from a formation time interval tform = [0.1, 0.8] Myr; at time
t = 2.3 Myr from a time interval tform = [0.1, 1.5] Myr. For
model setting tform = [tcollision- 0.5, 1.5] Myr at time t = 0.8
Myr, the planetesimals in the colliding family were randomly
drawn from a formation time interval tform = [0.3, 0.8] Myr; at
time t = 2.3 Myr from a time interval tform = [1.0, 1.5] Myr.
The approach outlined above has several simplifications.
First, the intrinsic collision probability for bodies in the sam-
pled planetesimal orbit is chosen to be
Pij = (αvvij)/[4Ha(δa + 2aei)] = const., (18)
with the average collision velocity ∆v, a constant depend-
ing on ∆v ranging from 0.57 ≤ αv ≤ 0.855 (Wetherill and
Stewart, 1993), the symmetrical mutual scale height H, the
semi-major axis and width a and δa of the annulus and the
mean eccentricity of projectiles ei, is chosen to be constant.
Therefore, we do not simulate a global source system of gen-
erated planetesimals that collide randomly. Rather, we ab ini-
tio assume planetesimals that formed according to the power
law slope described above and collide in pairs with a prob-
ability given by the mutual geometric factor. In other words,
pairs of massive planetesimals are favored due to their larger
geometrical cross-section, but eventually all planetesimals
generated from the SFD do collide. Second, we consider
only the simple cases of super-catastrophic interactions. In
fact, catastrophic, hit-and-run, erosive and accretionary in-
teractions could have an influence as well (Asphaug, 2010).
However, for the low-mass regimes coupled with the chosen
impact velocities shown here, super-catastrophic or catas-
trophic impacts are important and may create the majority of
the debris. Third, the injected energy ∆Eij is assumed to fully
go into disruption and heating energy of the target material.
We use this model to demonstrate the qualitative imprint
of the pre-collision interior evolution state of the planetesi-
mals on the collisional debris in Section 3.2 and discuss its
implications in Section 4.
3. Results
In this section we present the results of our models of
the thermomechanical history of colliding bodies before the
impact event (Section 3.1) and the outcome of the coupled
evolution-collision scenario (Section 3.2).
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3.1. Thermo-mechanical-chemical evolution before the colli-
sion event
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Figure 3: Droplet sizes of Fe,Ni metal versus planetesimal radius. The
blue region (’stability’; Equation 9) shows the expected droplet sizes in fully-
molten magma ocean planetesimals. The red region (’suspension’; Equa-
tion 7), in contrast, shows the maximum droplet sizes that can be entrained
by vigorous convection for various melt fractions ϕ. Since the suspension
limit never exceeds the stability criterion, metal droplets in fully-molten plan-
etesimals efficiently segregate into the core. See text for details on the
scalings. The considered planetesimal radius range here, and in Figure 4,
corresponds to the birth-size frequency distribution suggested by Johansen
et al. (2015).
Figures 3 and 4 show the results of our scaling analysis
of fully-molten planetesimals. Figure 3 demonstrates that
the characteristic sizes of Fe,Ni metal droplets for the ex-
pected dynamics in a planetesimal magma ocean do not al-
low for droplet suspension. The droplets grow to sizes larger
than can be suspended by convection and will thus rapidly
rain out onto the planetesimal center. Therefore, fully-molten
planetesimals rapidly evolved into a physically differentiated
structure.
Figure 4 shows, first, that the time scale for chemical equi-
libration (∼ hours to days) suggests a very fast homogeniza-
tion of the material during magma ocean stages. In particu-
lar, it is much shorter than the lifetime of the protoplanetary
disk (∼ 3–5 · 106 yr, Alexander et al., 2014), the thermo-
mechanical evolution of planetesimal interiors (∼ 105–106
yr, Hevey and Sanders, 2006) and the collisional evolution
of an accreting planetesimal swarm (∼ 104–105 yr, Wetherill
and Stewart, 1993). Second, the chemical equilibration time
scales for the cases we consider in this manuscript lie orders
of magnitudes above the characteristic collision time scales.
This suggests that the primordial chemical and isotopic het-
erogeneities inherited from prior to accretion were homoge-
nized rapidly after reaching the magma ocean stage. How-
ever, the equilibration time scale is not fast enough to ho-
mogenize the interior during the collision if it remained below
the rheological transition before the event, since the diffusion
time scale is longer than the collision time scale by orders of
magnitude.
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Figure 4: Radius of planetesimal versus time for either chemical equilibra-
tion (solid lines) or a planetesimal collision event (dashed lines). The solid
lines (’local diffusion time scale’, Equation 10) show the time scale for mi-
croscale chemical equilibration in a fully-molten magma ocean planetesimal
for various silicate melt fractions ϕ. These are on the order of hours to
days and thus demonstrate that fully-molten planetesimals rapidly chemi-
cally equilibrated. Therefore, any collisinal debris from them would feature
chemical signatures unlike chondrite material. The dashed lines (’collision
time scale’, Equation 12), in contrast, quantify the time it takes for an aver-
age collision of two similar-sized planetesimals to take place at various en-
counter velocities ∆v. Up to several hundreds of km in radius, the diffusion
(solid) and the collision (dashed) time scales differ by orders of magnitude.
That means, if the planetesimal material was chemically unequilibrated (=
not fully-molten) before a hypothetical impact splash event, the expanding
magma plume could retain a chemically and isotopically heterogeneous sig-
nature – consistent with chondritic materials.
Figures 5 and 6 show the time-dependent thermal struc-
ture of planetesimals due to their interior evolution from 26Al
heating. Figure 5 shows the thermal evolution of one sin-
gle model with internal melt fractions and in comparison the
amount of melt produced within bodies of different sizes and
formation times normalized to their total volume. In gen-
eral, earlier formed and bigger planetesimals exhibited larger
heating to cooling ratios, because the radiogenic heat source
26Al decayed with t1/2 = 0.72 Myr, and the surface-to-volume
ratios shrank drastically with increasing size of the body.
This means that the thermal evolution of the low-mass plan-
etesimals was intrinsically time- and size-dependent. Impor-
tantly, a transient regime of silicate material with tempera-
tures around the solidus (Tsol = 1416 K) within planetesimals
existed, which varied drastically with time and depth inside
the bodies depending on the planetesimal sizes and forma-
tion times. Furthermore, low-mass bodies with radii RP ∼
10 km exhibited partially molten states only during a narrow
time interval t ∼ 0.5-2.5 Myr after CAIs.
Figure 6 shows the maximum fractional volumes of plan-
etesimal models that exceeded the critical melt fraction
threshold ϕcrit. These planetesimal sub-volumes likely un-
derwent magma ocean stages accompanied by rapid metal-
silicate separation and chemical equilibration, as described
in Figures 3 and 4. In particular, early formed massive plan-
etesimals above ≥ 30 km radius with tform ≤ 0.9 Myr after
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Figure 5: (A) Partially molten volume inside planetesimals over time, nor-
malized by the total volume of a body with RP = 10 km. The low-end mass
tail of the planetesimals exhibited partially molten states only during a short
time interval, e.g., from 0.5–2.5 Myr (RP = 10 km). Arrows indicate forma-
tion times of associated lines. RP = 10 km bodies did not exhibit any melt for
tform ≥ 1.2 Myr. (B) Depth-dependent temperature structure for a planetesi-
mal with RP = 10 km and tform = 0.4 Myr. Partial melt fractions (isolines) were
sustained for a time period of ∆t ∼ 1.7 Myr after the initial heat-up phase.
CAIs were intensely heated and major parts of their total vol-
ume experienced pervasive melting periods. There is, how-
ever, a large transition regime with planetesimals mostly ex-
periencing partial melting throughout their interiors (the tran-
sition band from black to bright yellow in Figure 6). Plan-
etesimals that formed later than ∼ 1.0 Myr, or alternatively
formed with (26Al/27Al)form ≤ 1.8 · 10−5, experienced only min-
imal melting episodes within the innermost parts of their in-
terior.
As a transition to the coupled evolution-collision scenario
in Section 3.2, Figure 7 parameterizes the required impact
energy for a collision in the super-catastrophic limit. In an
idealized scenario, the injected energy must be sufficient to,
first heat at least parts of the target body to the required tem-
peratures and, second, disrupt most of the target body into
small pieces. In this idealized view, the most energetically fa-
vorable source of material for producing chondrules was the
center of the target body, as it was hottest due to pre-heating
from 26Al.
Together with the melt fraction threshold for metal rain-
out (ϕcrit), this constrains the minimum required impact en-
ergy from a two-body encounter to produce chondrules in
the collision (Figure 7). To give a simple example, under
the assumption of perfect disruption and energy transfer be-
tween impactor and target, the minimal velocity necessary to
achieve the critical chondrule formation temperature in the
center of the target body is
∆v ≥
√
2Mtot
mimp
·
(
∆ϕLSi + ∆Tcp − 3GMtot5Rtot
)
,
with impactor mass mimp, deviations from the required chon-
drule melt fraction ϕchondrule ∼ 0.86 and temperature Tchondrule
= 1900 K, ∆ϕ = ϕchondrule − ϕ and ∆T = Tchondrule − Tcenter,
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Figure 6: Volume of planetesimals which exceeded melt fractions of ϕ ≥ 0.4
during the time interval t = 0.1–5 Myr after CAIs, normalized by the total vol-
ume of each body. The value at each dot represents the maximum volume
fraction throughout a single numerical simulation with the indicated RP-tform
combination. Especially planetesimals with RP > 30 km and tform ≤ 0.9 Myr
after CAIs underwent large scale magma ocean periods and are therefore
not eligible as chondrule precursor bodies. For reference, the (26Al/27Al)form
ratio incorporated into a body at its formation time, for a disk-wide homoge-
neous 26Al distribution, is shown at the top.
latent heat of silicate melting LSi = 400 kJ/kg, pre-collisional
material temperature at the target center Tcenter, silicate heat
capacity cp = 1000 J/(kg K), Newton’s constant G, combined
target-impactor mass Mtot and combined target-impactor ra-
dius Rtot. As an example, for the case of a super-catastrophic
collision of two equally sized planetesimals with RP = 10 km
and internal silicate temperature of Tcenter = 1600 K, which
translates to ϕ = 1 − (Tcenter − Tsol)/(Tliq − Tsol) ∼ 0.33, it
would have required impact speeds of ∆v ∼ 1.5 km/s to pro-
duce post-impact material with Tpost ≥ Tchondrule. With one
of the two objects being more massive, the injected energy
would have increased and thus lower impact speeds would
have been sufficient to produce chondrule melt sprays. Still,
this calculation and the required energies from Figure 7 de-
fine approximate estimates for the impact velocities required
in our analytical expression in order to form chondrules from
disruptive impacts. This yields roughly ∆v ∼ 1 km/s and is
thus presumably higher than the mutual velocities expected
to arise from self-stirring of a small planetesimal swarm with
radii of up to several tens of kilometers.
3.2. Collisional processing
To explore the effects of varying impact speeds on the
planetesimal population, we developed a Monte Carlo ap-
proach to model the time-dependent influence of increased
internal energies in the parent bodies on potential chondrule
material in the collision aftermath (Section 2.3). The results
from several simulation runs for planetesimal swarms with RP
= 10–20 km are shown in Figure 8. In general, higher colli-
sion velocities increase the output of melt from the collision.
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Figure 7: Evolution of the specific energy required at a given time t to raise
the temperature in parts of the collisonal debris to above the chondrule for-
mation temperature: Tpost ≥ Tchondrule = 1900 K. For this calculation, we
assumed homogeneous energy injection across the entire target body. Im-
portantly, the smallest bodies were sufficiently heated during the time in-
terval t ∼ 1.5–3 Myr to require impact energies of Qmin ∼ 450 kJ per unit
mass, after which they cooled down. The evolution of the 700 kJ/kg iso-
contour shows that until ∼ 2 Myr after CAIs small bodies required energies
below this value, after 3 Myr after CAIs they required much higher energies
to form chondrules.
For several cases (like in Figure 8A), the thermal evolution
from 26Al heating produced a peak in eligible chondrule ma-
terial output for constant collision velocities at around t ∼ 2
Myr. If planetesimals were allowed to form during the whole
interval from tform = 0.1–1.5 Myr (Figure 8A), the output of
metal-free material became noticeable after t ≥ 0.7 Myr. If
the colliding families were preferentially formed at later time
intervals, metal-free output became insignificant or virtually
non-existent (Figure 8B,C and Supplementary Figures). For
bigger planetesimal regimes with radii up to 30, 50 or 100
km (Supplementary Figures) this trend holds, while the out-
put of chondrule forming material relative to material output
with Tpost < 1900 K decreased.
It is important to note that the collisional debris showed a
broad thermal distribution. Material from the inner parts of
the body was heated to higher temperatures and thus higher
melt fractions, whereas the outer parts of the colliding bod-
ies may have remained cool and resulted in unmelted debris,
which is not seen in chondritic meteorites. To address this
issue, we have quantified the post-collisional thermal distri-
bution for several parameter combinations and thus different
collision families in Figure 9 (more in Supplementary Fig-
ures). In order to ‘suppress’ the generation of a vast amount
of differentiated material (which yields basaltic droplets un-
like the chondrules observed in the meteoritic record, As-
phaug, 2017) the make-up and dynamics of the colliding
planetesimal swarm must be either (i) primarily composed
of low-mass planetesimals, (ii) formed late, or (iii) feature a
low dwell time before collisional recycling. The latter would
correspond to a high encounter probability, which cools the
material via total disruption, fragmentation or partial break-
up (Ciesla et al., 2013).
The thermal distribution, and thus the ratios of melted, par-
Figure 8: Output of chondrule-eligible collisional debris (Vchondrule) with post-
collision temperatures Tpost ≥ Tchondrule = 1900 K over time from randomized
super-catastrophic collisions, normalized to the total volume of generated
debris (Vdebris). Each line in each subplot corresponds to a single Monte
Carlo simulation with varying parameters. Black lines are runs with impact
velocities ∆v = 2.0 km/s, purple lines ∆v = 1.5 km/s and red lines ∆v = 1.0
km/s. Shaded areas below these lines indicate the variation from using a dif-
ferent treshold for metal rain-out/chemical equilibration (ϕcrit), with the lower
bound ϕcrit = 0.4 and the upper bound ϕcrit = 0.5. Here, we consider bodies
with RP = 10–20 km and (A) tform = 0.1–1.5 Myr, (B) tform randomly drawn
from the time interval ∆t = 0.5 Myr before the collision time, and (C) tform =
0.5–1.5 Myr. Green shaded areas show metal-depleted debris, that means,
material originating from source regions with ϕ ≥ ϕcrit before the collision.
The amount of metal-depleted material decreased significantly if collisional
processing was efficient and the average dwell time of intact planetesimals
was short (B), or when planetesimal formation was suppressed during the
early disk phase (C, Supplementary Figures).
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Figure 9: Thermal state of all post-collisional debris material over time for planetesimal swarms with RP = 10–20 km (A-D) and RP = 10–50 km (E,F), metal
preservation threshold criterion ϕcrit = 0.4 and impact velocities of ∆v = 1 km/s (A,C,E) and ∆v = 2 km/s (B,D,F). Each subplot corresponds to a single Monte
Carlo simulation. Different colors represent post-collisional material volume with varying thermal state, normalized to the volume of the total debris generated
during continuous collisional recycling. The thermal distribution of the collision aftermath depended on the specific conditions during the impact, which can
change the ratio of unmelted (black, Tpost < Tsol) to melted (purple, Tchondrule > Tpost > Tsol) debris and the output of chondrules (red, Tpost > Tchondrule).
Metal-depleted material (due to metal-silicate segregation prior to collision) is depicted in yellow (ϕpre > ϕcrit). (B,D,F) all show eligible-chondrule material of
Vchondrule/Vdebris = 0.2–0.5% throughout the time evolution. Subfigures (C,D,F) demonstrate the influence of a variable formation time interval in the model,
representing an effective collisional grinding such that no bodies formed earlier than 0.7 Myr (C,D) or 0.5 Myr (F) before the collision time participate in the
cycle. In the setting shown here, this generates some differentiated debris at ∼ 0.9 Myr (C,D,F), but for the rest of the disk-phase prevented overheated
material entering the debris cycles. (E) shows that larger planetesimal families readily reached debris states with a high fraction of differentiated debris (and
potentially basaltic spherules as collision output). Importantly, we do not take the outcome from previous collision cycles into account, treating each time step
as independent from the ones before. That implies that material labeled ‘red’ at t = 1.0 Myr can become ‘black’ in the next time step and vice versa for all
label mutations. See Supplementary Figures for further parameter variations.
tially melted and unmelted debris, crucially depends on the
localization of energy transfer during the collision. In our
super-catastrophic model, however, in which the energy is
distributed across the entire body, the pre-collision temper-
ature solely determines the temperature deviations of the
post-collision debris. Depending on the formation times,
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sizes and recycling efficiencies of the colliding planetesimals,
the ratio of melted to unmelted debris may shift further (Sup-
plementary Figures).
4. Discussion
4.1. Constraints from the interior evolution
The scaling analysis performed in Section 3.1 (Figures 3
and 4) demonstrates that high melt fraction regions in radio-
genically heated planetesimals rapidly evolve to physically
differentiated and chemically equilibrated states. We note
that the scalings used in this section are based on thermal
driving forces and neglect potential other effects like mag-
netic fields (Scheinberg et al., 2015) or rotation (King et al.,
2009; Maas and Hansen, 2015) that may alter the regimes.
However, any potential changes to the convection regime
within magma ocean planetesimals have two effects. If tur-
bulence is less vigorous than derived here, Fe,Ni metal set-
tling would be even more rapid, since the energy to sus-
pend these droplets would decrease. In the opposite case,
turbulence would be more vigorous and accelerates chem-
ical equilibration, because the diffusion time scale derived
from the Kolmogorov microscales diminishes. Therefore, we
conclude that any planetesimals that can serve as eligible
precursor bodies for chondrule formation in a collision event
cannot have been fully-molten to above the rheological tran-
sition throughout a large fraction of their interior.
In general, it is important to note that the thermal evolu-
tion – and thus degree of differentiation and chemical ho-
mogenization – forms a continuum (Figures 5, 6 and 7; com-
pare Lichtenberg et al., 2016a). Therefore, the number of
bodies that experienced substantial radiogenic preheating
depends on the local planetesimal size frequency distribu-
tion, formation rate and recycling efficiency over time, in par-
ticular during the first 2 Myr after CAIs, during which the
radiogenic heating from 26Al was the predominant contrib-
utor to the internal evolution. From a thermomechanical
point-of-view, the low-mass tail of planetesimals or bodies
formed at sub-canonical 26Al abundances (the transition re-
gion in Figure 6 and bodies labeled with ‘primitive materials’)
barely incorporated enough 26Al to reach temperatures near
the solidus throughout most of their volume, and presum-
ably never reached the rheological transition at melt fractions
ϕcrit ≈ 0.4–0.6 (Costa et al., 2009) to develop an internal
magma ocean (Lichtenberg et al., 2016a).
Regarding the Fe,Ni metal abundances in and around
chondrules, it is important to note that recent laboratory ex-
periments demonstrated the trapping of metallic liquids in
planetesimal mantles with low silicate melt fractions (Bag-
dassarov et al., 2009; Rushmer and Petford, 2011; Holzheid,
2013; Cerantola et al., 2015; Todd et al., 2016). They showed
that, first, in the regime below the silicate solidus, the high
interfacial energy and wetting angle between metal-sulfide
melts and solid silicate mantle minerals preclude efficient
metallic core formation (Bagdassarov et al., 2009; Rush-
mer and Petford, 2011). Second, it was shown that in
the regime of modest silicate melt fractions, mobile basaltic
melts reduce the interconnectivity and segregation of metal-
sulfide liquids under deformation conditions with varying
strain rates. This leaves some metallic liquid stranded in
the olivine matrix until the rheological transition is reached
(Holzheid, 2013; Cerantola et al., 2015; Todd et al., 2016).
Above this threshold the silicate viscosity drops by orders
of magnitudes and metal-silicate differentiation by gravita-
tional settling becomes efficient (Figure 3 and Elkins-Tanton,
2012). From these experiments, we conclude that complete
metal-silicate segregation in planetesimals required signifi-
cant melt fractions, likely around and higher than the rheo-
logical transition. Therefore, small (RP ∼ 10–30 km) and/or
late formed (tform ≥ 0.7–1.0 Myr after CAIs) planetesimals,
with their presumably low melt fractions and thus incom-
pletely differentiated interiors, can retain substantial metal
abundances and chemical and isotopic heterogeneities dis-
tributed throughout most of the planetesimal volume. This
qualifies these planetesimals as eligible chondrule precursor
material.
Efficient collisional recycling of small or late-formed plan-
etesimals is needed to produce large quantities of metal-
bearing and chemically heterogeneous chondrules to pop-
ulate the asteroid main belt with chondrite parent bodies.
For that, planetesimals with modest internal melt fractions
must have been abundant in the early solar system. An
additional source of chondrules may have come from larger
planetesimals that experienced impacts in narrow time win-
dows during their heat-up phase, when the radiogenic pre-
heating was sufficient but before reaching the magma ocean
phase. We have qualitatively summarized the thermome-
chanical planetesimal regime that may be capable of chon-
drule formation in the aftermath of a collision in Figure 10.
The regime we propose as potential chondrule precursor
bodies is highlighted in green. In general, small bodies or
bodies with sub-canonical 26Al abundances were more likely
to be heated to suitable temperatures at around their thermal
maxima and to not reach melt fractions above the rheological
transition throughout most of their interiors. In comparison,
larger bodies featured chondrule-eligible interior states only
during their initial heat-up phases.
4.2. Accretion and dynamical recycling
The results from the evolution-collision model (Section
3.2, Figures 8, 9 and Supplementary Figures) underline two
points. First, planetesimals preheated by the decay of 26Al
require less energetic collisions than non-preheated bodies
to produce chondrules in the collisional aftermath. If the bod-
ies participating in the collision have not reached the magma
ocean phase, droplets resulting from the impact can satisfy
the constraints from chondrule textures, i.e., subsonic im-
pact velocities in order to avoid shock textures in the result-
ing material (Asphaug, 2017). Therefore, we require veloc-
ities higher than the two-body escape speed but lower than
for the case of cold planetesimals. Such velocities may be
achieved during the gas disk phase (see further down). Sec-
ond, Figure 9 and the additional figures for variable param-
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Figure 10: Schematic illustration of the qualitative thermomechanical planetesimal evolution regimes. (Top) Low-energy bodies with relatively small radii
or late formation times, which were eligible chondrule precursor bodies (highlighted in green) around their heat climax (compare Figure 5 and Figure 7).
(Bottom) High-energy bodies with either large radii or early formation times, which were eligible precursor bodies only during their brief initial heat-up phase.
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eter regimes (Supplementary Figures) demonstrate that the
outcome of any collisional regime can be highly variable, de-
pending on the local size frequency distribution (SFD), the
internal state of the planetesimals and the dynamical regime
of the swarm participating in the collisional processing. It
underlines the necessity of simultaeneously considering the
global dynamical and local formation, growth and destruc-
tion mechanisms in astrophysical models of planet formation
in the early solar system, which we therefore discuss here.
The first planetesimals likely formed according to a spe-
cific size frequency distribution (Johansen et al., 2007; Cuzzi
et al., 2008; Chambers, 2010; Simon et al., 2016). Re-
cent planetesimal formation models can produce bodies via
the streaming instability or turbulent concentration mecha-
nisms within the first few million years in the solar nebula
(Cuzzi et al., 2008; Chambers, 2010; Carrera et al., 2015;
Dra¸z˙kowska et al., 2016; Schoonenberg and Ormel, 2017).
Latest estimates of the initial size frequency distribution of
planetesimals from the streaming instability mechanism (Jo-
hansen et al., 2015; Simon et al., 2016, 2017) converge on
a power law dN/dRP ∼ R−qP , with the number of bodies N, the
planetesimal radius RP, index q = 2.8 and without an obvious
lower cut-off. These estimates are consistent with the cur-
rent distribution in the asteroid belt if accretional growth of
small bodies via collisions and/or pebble accretion is consid-
ered (Weidenschilling, 2011; Lithwick, 2014; Johansen et al.,
2015; Morishima, 2017). In such a birth-SFD, the bulk of
the mass resides in massive planetesimals, while the abso-
lute number of low-mass planetesimals exceeds the number
of massive bodies by orders of magnitude. Therefore, colli-
sions among low-mass members of the SFD outnumber in-
teractions with one or between two massive members, even
if gravitational focusing is considered. This low-mass plan-
etesimal collision regime was most vulnerable to disruption
during collisions and thus presumably created much debris
from hit-and-run, erosive or (super-)catastrophic interactions
(Asphaug, 2010; Leinhardt and Stewart, 2012).
The collisional dynamics and, therefore, the prevailing im-
pact parameters crucially depend on the ambient disk condi-
tions and the nature of planet(esimal) growth (Wetherill and
Stewart, 1989, 1993; Kokubo and Ida, 1996, 1998; Weiden-
schilling, 2011; Johansen et al., 2015). Importantly, in a
growing planetesimal swarm the parameter dominating the
mean impact velocity among bodies is the size of the largest
body. The largest body stirs the velocity dispersion in the
swarm to its own escape velocity and the smallest bodies
reach the highest relative velocities (e.g., Schlichting and
Sari, 2011). During the disk stage, the velocity dispersion
can be highly reduced due to gas damping, which compli-
cates reaching sufficient impact velocities to generate chon-
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drules melts. This problem originally motivated the idea of
chondrule formation from fully-molten planetesimals and the
sole reliance on 26Al as a heat source for chondrule forma-
tion (Asphaug et al., 2011; Sanders and Scott, 2012).
Therefore, producing chondrites as Nth generation plan-
etesimals from the collisional recycling of radiogenically pre-
heated but undifferentiated planetesimals required, first, con-
tinuous collisional reprocessing during the first few million
years after the formation of the Sun. Second, sufficient ve-
locity dispersions above the mean two-body escape veloc-
ity of the lowest-mass members of the collisional planetes-
imal swarm (vesc . 0.1 km/s in the size regime evaluated
here) must have been triggered. Potential stirring mecha-
nisms to enable these enhanced mutual encounter veloci-
ties for low-mass planetesimals are manifold, for instance
early formation of planetary embryos like Mars (Dauphas
and Pourmand, 2011; Hasegawa et al., 2016), migration of
giant planets (Walsh et al., 2011; Izidoro et al., 2016) and/or
giant planets’ forming cores (Raymond et al., 2016), reso-
nant excitations (Weidenschilling et al., 1998) or implantation
of planetesimals via scattering into the main belt region (Bot-
tke et al., 2006). These mechanisms depend strongly on the
ambient gas density and become more efficient as the solar
nebula disperses over time, leading to decreased gas damp-
ing and allowing for higher mutual velocities.
The absolute volume of low-mass planetesimals in our so-
lar system was presumably minor compared to the material
within massive bodies (Johansen et al., 2015; Simon et al.,
2016). However, it was subject to most destructive collision
events among planetesimals in terms of absolute numbers.
Due to their larger cross-section and enhanced gravitational
focusing, the largest bodies accreted the fastest and thus
presumably accumulated to form the terrestrial planets in
the inner solar system (Wetherill and Stewart, 1989; Wei-
denschilling et al., 1997). The low-mass bodies were dy-
namically excited by the larger body-size population, which
enhanced encounter rates. Depending on the planetesimal
number and how they actually arrived at specific locations
in the disk (for instance, in-situ formation versus implanta-
tion), the debris from low-mass collisions can dominate the
total local solid density and provide the environment for the
make-up of chondrite parent bodies as a result of collisionally
recycled low-mass or sub-canonical-26Al planetesimals.
Recent observations and theoretical considerations esti-
mate that the solid pile-up within ’sweet spots’ in inner disk
regions facilitated planetesimal formation in confined bands
(Dra¸z˙kowska et al., 2016; Andrews et al., 2016; Isella et al.,
2016; Schoonenberg and Ormel, 2017; Carrera et al., 2017).
In such narrow planetesimal birth regions with high solid
density, efficient collisional processing can be enhanced be-
cause of higher collisional cross-sections and average en-
counter rates compared to the classical picture of disk-
wide planetesimal formation. In our model, collisions of
chondrule-eligible planetesimals preferentially produced a
chondrule formation peak at around t ∼ 2 Myr after CAIs
(Figure 8 and Supplementary Figures). Although the exact
timing depends on the parameter choice, this peak is in very
good agreement with the radiogenic ages determined for
chondrules in meteorites (Villeneuve et al., 2009; Mishra and
Chaussidon, 2014; Chaussidon and Liu, 2015, see chon-
drule geochronology Section 4.4). In our models, the peak
reflects the temperature climax of planetesimals heated from
26Al decay (as suggested in Sanders and Scott, 2012). Many
chondrules may thus reflect collisional debris of low-mass
and preheated planetesimals, whose material was not swept
up by early oligarchs and survived in smaller bodies that
comprise the asteroid belt today.
The asteroid belt today is significantly depleted in mass
relative to the terrestrial and giant planet regions of the so-
lar system. Therefore, either the region was dynamically
depleted early-on or the mass depletion must be primordial
(Bottke et al., 2006; Walsh et al., 2011; Izidoro et al., 2016;
Dra¸z˙kowska et al., 2016; Morbidelli and Raymond, 2016). In
the latter case, this may be a suitable environment for the
kind of dynamical processing we propose here and the com-
plex transition from S- to C-type asteroids (DeMeo et al.,
2015). For instance, recent studies suggest early mixing of
silicate and ice-rich planetesimals (Marrocchi et al., 2016). In
this picture, planetesimals may either form in lower numbers
in the asteroid belt region or can be implanted from inner
and outer disk regions. Thus, they would originate from dis-
tinct source reservoirs, as was suggested for iron meteorites
which may have formed pre-dominantly in the inner disk re-
gion (Bottke et al., 2006).
4.3. Collision physics
In general, a complicating issue for estimates of debris
generation is that the effective amount of material excavated
during the collision depends on a variety of impact param-
eters, such as the impact velocity, impact angle, mass ra-
tio of the colliding bodies and material compositions (Lein-
hardt and Stewart, 2009; Asphaug, 2010; Leinhardt and
Stewart, 2012; Movshovitz et al., 2016). In addition to the
amount of material ejected during the collision, it is impor-
tant to understand the energy distribution in the ejected frag-
ments/droplets. This, in turn, determines the thermal histo-
ries of chondrules produced in the collision fragments (Fig-
ures 9 and Supplementary Figures) and is crucially depen-
dent on the energy localization during the impact, for which
high-resolution three-dimensional numerical models are re-
quired. The derivation of scaling laws that account for the
combined effects of ejecta size and energy distribution is
a long-term goal of the impact modeling community (e.g.,
Sˇevecˇek et al., 2017). To our knowledge, at present there
are no scaling laws that cover a large parameter space and
can be used to couple the interior evolution of planetesimals
prior to collision with the energy injection and material ejec-
tion during the collision.
Finally, we want to point out that, in the context of our
semi-analytic evolution-collision model impacts usually re-
quire ∆v & 0.5 km/s to generate chondrule eligible material.
However, using more advanced numerical collision models
utilizing more realistic energy localization together with a sta-
tistical or N-body growth model (e.g., Morbidelli et al., 2009;
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Schlichting and Sari, 2011; Carter et al., 2015; Johansen
et al., 2015; Morishima, 2017) of the planetesimal swarm will
enable much lower collision velocities. As demonstrated by
Wakita et al. (2017), collisions among unheated planetes-
imals may already be close to generate chondrule eligible
temperatures in the collision aftermath, therefore coupling
both energy sources (collision and radiogenic heating) will
be even more capable of producing the correct conditions.
4.4. Geochemical perspective
In this section we review some important geo- and cosmo-
chemical constraints for the origin of chondrules and a poten-
tial collisional origin. Many interpretations of the chondrule
record with respect to chondrule formation via collisions were
already discussed in-depth by Sanders and Scott (2012) and
partly in Connolly and Jones (2016). Even though these
authors focused on fully-molten planetesimals as chondrule
precursors, many of their interpretations also apply to the
more moderate and realistic scenario of a radially hetero-
geneous interior evolution of colliding planetesimals that did
not reach the magma ocean stage. Therefore, we will not re-
peat these arguments here, but instead focus on issues that
emerged in recent years or are of direct consequence for our
plead toward a more nuanced debate of collision models for
chondrule formation.
Chondrule geochronology
Based on various radiometric dating techniques, chon-
drules formed during the first ∼ 4–6 Myr after CAIs (Scott
and Krot, 2014; Chaussidon and Liu, 2015). The exact de-
tails, however, are debated. There is an on-going debate in
the cosmochemical community as to whether 26Al was het-
erogeneously distributed in the protoplanetary disk (Larsen
et al., 2011; Schiller et al., 2015; Van Kooten et al., 2016;
Kleine and Wadhwa, 2017). The consequences of a hetero-
geneous distribution are far reaching. In the following we dis-
cuss the implications for chondrule formation by collisions of
preheated planetesimals for the case of (i) a homogeneous
distribution, and (ii) a heterogeneous distribution.
(i) A homogeneous 26Al distribution entails that precise Al-
Mg ages of chondrules can be obtained and these indi-
cate a time gap of ∆t = 0.5–1.0 Myr between the forma-
tion of CAIs (at t ∼ 0 Myr) and the onset of chondrule
formation (Villeneuve et al., 2009; Kita and Ushikubo,
2012; Nagashima et al., 2014; Chaussidon and Liu,
2015; Villeneuve et al., 2015). In Section 4.2 we argued
that the apparent peak in chondrule formation ages may
be linked to the interior heat climax of 26Al-heated plan-
etesimals. However, for some parameter combinations
our models do not produce a gap during the first Myr
after CAI formation. The apparent time gap between
CAIs and chondrules could therefore reflect protracted
planetesimal formation after CAIs (Figure 6) and thus
reduced 26Al inventories or alternatively insufficient de-
bris ejection from collisions during the early phase of
high gas-damping. Delayed planetesimal formation may
be due to increasing dust-to-gas ratios with time due to
photoevaporation (Johansen et al., 2009; Carrera et al.,
2017). Decreasing ambient gas densities also allow for
higher mutual velocities.
(ii) Based on a heterogeneous distribution of 26Al in our
solar system, the cosmochemical record provides evi-
dence for an extended period of chondrule formation,
starting contemporaneously with CAI formation over 3–
4 Myr (Larsen et al., 2011; Connelly et al., 2012; Schiller
et al., 2015; Van Kooten et al., 2016; Connelly et al.,
2017). These results are inferred from Pb-Pb ages of
individual chondrules. In this context, no gap needs
to be reproduced, but the 26Al inventory may be sub-
canonical everywhere in the disk except the CAI forming
region. This would shift the thermomechanical regimes
in Figure 6 but would still allow for substantial radiogenic
preheating depending on the local inventory of 26Al at
the time of planetesimal formation or reaccretion.
Nucleosynthetic, chemical and petrographic constraints
Chemical and isotopic complementarity is a concept
based on elemental and isotopic studies of chondrules and
matrix. Various elemental and isotope compositions may be
distinct in matrix and chondrules of a specific chondrite, but,
when mixed together, complement each other to nearly CI-
like composition (Bland et al., 2005; Hezel and Palme, 2008,
2010; Palme et al., 2015; Ebel et al., 2016). This extends
to W and Mo isotope variations derived from presolar carri-
ers, which may also be complementary in ‘matrix’ (defined
as fine-grained dust between chondrules) and chondrules
(Becker et al., 2015; Budde et al., 2016a,b). These relations
are often claimed to rule out particular chondrule formation
mechanisms, such as a collisional origin of chondrules. In-
deed, if complementarity of matrix and chondrules is real
and indicates a genetic heritage linked by the chondrule for-
mation process itself, this provides severe constraints on ev-
ery chondrule formation mechanism suggested to date. The
technical details and interpretations of the chondrule-matrix
complementarity hypothesis are controversially debated in
the community and out of the scope of this paper.
In recent years, it was found that terrestrial bodies in the
solar system exhibit distinct nucleosynthetic isotope signa-
tures in, e.g., Zr (Scho¨nba¨chler et al., 2011; Akram et al.,
2015), Ni (Regelous et al., 2008; Steele et al., 2012), Cr
(Trinquier et al., 2007, 2009; Olsen et al., 2016) and Mo
(Burkhardt et al., 2011). How can this be reconciled with
the collisional origin of chondrules we put forward in this
manuscript? In any accretion scenario the most massive
planetesimals and embryos preferentially served as the early
precursors of the planets. Therefore, the most massive bod-
ies were unavailable as meteorite parent bodies because
they either seeded the planet formation processes them-
selves or preferentially interacted with the accreting proto-
planets due to gravitational focusing and enhanced geomet-
rical encounter rates. Since accretion mechanisms like plan-
etesimal agglomeration or pebble accretion become less ef-
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ficient for smaller bodies, debris from low-mass planetesimal
collisions was presumably insufficient in mass to act as a
seed for planet formation. In light of chondrule formation
from collisions of low-mass planetesimals, chondrites can
then be interpreted as left-over material, which did not end
up in planets. Instead, it either formed small parent bod-
ies by itself or was accreted onto other relatively low-mass
bodies. This implies that the materials sampled in the mete-
oritic record were not important contributors to the chemical
bulk planet compositions in the solar system. Importantly, in
this picture the chondrites sample qualitatively different ma-
terial than represented in the Earth and the other terrestrial
planets. This is consistent with nucleosynthetic signatures
identified in meteorites, which are distinct from those of bulk
Earth (Burkhardt et al., 2011; Akram et al., 2015; Palme and
Zipfel, 2016).
In our model, age differences between chondrules of sin-
gle chondrites can be attributed to, for instance, the stor-
age of chondrules in outer parts of planetesimals, later lib-
eration during disruption of the body and mixing with newly
formed chondrules in the subsequent reaccretion of a new
parent body. On the other hand, if age gaps in each chon-
drite group are narrow (as suggested by Alexander and Ebel,
2012) chondrule variability in a parent body can be obtained
by mixing of debris ejecta from several chondrule-forming
collisions in one annulus. Furthermore, most material eli-
gible for chondrule formation, i.e., collisional debris, which is
heated to Tpost > 1900 K (Connolly and Jones, 2016; Alexan-
der et al., 2008; Villeneuve et al., 2015) during one of the col-
lisional cycles, not necessarily (fully) re-melts during the re-
processing. This allows chondrules to preserve relict grains
– in agreement with the chondrule record (Jones, 2012) –
and generates further chondrule diversity due to variable in-
teraction of the ejected fragments with molten material and
vapor in the impact plume (Villeneuve et al., 2015). More-
over, each chondrite parent body sampled a distinct, isolated
reservoir without much mixing with those of other chondrite
parent bodies (Jones, 2012). In the context of our model,
this is a natural consequence if each chondrite parent body
sampled a distinct band defined by the pile-up sweet spots
for accretion (Dra¸z˙kowska et al., 2016; Schoonenberg and
Ormel, 2017; Carrera et al., 2017) or implantation (Bottke
et al., 2006).
In our model, the ejection of material in the aftermath of
the collision resulted in disconnected droplet clouds (Dulle-
mond et al., 2014, 2016). The collision time scale in Fig-
ure 4 (Section 3.1) is comparable to the time between the
heat-up of a precursor body during the collision and the sep-
aration of single droplets in the collisional aftermath. As
shown in Figure 4, this time scale is orders of magnitudes
shorter than the local diffusion time scale of silicate material
heated to high melt fractions, i.e., to the peak temperatures
of chondrules. Therefore, the cooling droplets in the colli-
sional aftermath preserved heterogeneous primordial nucle-
osynthetic signatures. Such distinct signatures are reported
within chondrules of the same meteorite (Olsen et al., 2016;
Bauer et al., 2016). As a further contribution, these variable
chondrule signatures can also originate from different impact
events, which were then mixed together during reaccretion
in a subsequent accretion-collision cycle. Repeated thermal
recycling of chondrules is also in line with recent studies of
microchondrule formation (Bigolski et al., 2016).
In summary, we would like to emphasize that our results
regarding the metal-silicate separation, chemical equilibra-
tion and the generation of variations among chondrules gen-
erally apply to both type I (FeO-poor) and type II (FeO-rich)
chondrules. The presence of Fe,Ni metal varies between
different chondrite groups (Davidson et al., 2014; Schrader
et al., 2015) and the total amount of Fe,Ni metal within and
in the vicinity of chondrules may be related to the oxygen
and sulfur fugacity of the precursor body and the surround-
ing gaseous medium. Importantly, any Fe,Ni, FeS or chem-
ical and isotopic heterogeneity present in precursor bodies
before the chondrule-forming impact event would have been
erased in planetesimals that experienced a magma ocean
stage. As we have shown, however, it was possible to pre-
serve these anomalies in (at maximum) partially molten pre-
cursor bodies that accreted from diverse nebular material.
4.5. Further constraints and outlook
Throughout this work we focused on geochemical and
physical conditions for planetary materials necessary to re-
tain abundant Fe,Ni metals, primordial isotopic and nucle-
osynthetic heterogeneities on a chondrule-size scale and to
achieve the required peak temperatures for chondrule for-
mation during planetesimal collisions. Further detailed work
– both from modelers and experimentalists – is needed to
investigate the enigmatic nature of chondrules and its link
to the environment in the early solar nebula. For instance,
under which circumstances can the post-collision droplet
clouds satisfy the thermal histories and moderately volatile
element retention (e.g., Na and K) of chondrules (Alexander
et al., 2008; Dullemond et al., 2014, 2016), in case the ther-
mal histories derived so far are reliable (Libourel and Portail,
2017)? Other important issues relate to, e.g., the prevalence
of porphyritc textures among chondrules, varying chondrule
distributions among different chondrite groups or the reten-
tion of relict grains. So far, there are only a few examples
of chondrules which show strong experimental evidence for
being generated by an impact (Krot et al., 2005; Marrocchi
et al., 2016). More detailed work on the thermo-physical
conditions during and after planetesimal impacts needs to
be undertaken to compare theoretical expectations with ex-
perimental evidence with the goal of a sufficient set of evi-
dence to either strengthen or rule out impacts as a formation
mechanism for the majority of chondrules.
5. Conclusions
In this manuscript we examined the formation of chon-
drules from collisions of planetesimals, which were pre-
heated from the radioactive decay of 26Al. First, we inves-
tigated the end-member scenario of collisions between plan-
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Figure 11: Schematic illustration of the accretion-collision cycles during which chondrules may form from impact splashes among radiogenically prehated
planetesimals. The impacts launched expanding clouds of magma droplets (Dullemond et al., 2014, 2016) in addition to melted and unmelted debris, which
subsequently cooled. The debris then either re-accumulated or accreted onto a neighboring planetesimal. Before forming the final chondrite parent bodies
the material could go through multiple cycles of liberation and re-accumulation with varying degrees of injected energy and accumulation time scales. Cold
matrix material (not shown) from the surrounding disk environment is accreted together with chondrules into the final chondrite parent body.
etesimals heated to silicate melt fractions above the rheolog-
ical transition, i.e., with interior magma oceans. Using well-
studied scaling relations of the metal rainfall mechanism and
the local diffusion time scale in convective silicate systems
we determined that such planetesimals
(i) cannot suspend significant amounts of Fe,Ni metal and,
therefore, evolve to a physically differentiated structure
and
(ii) rapidly equilibrated primordial chemical and nucleosyn-
thetic heterogeneities.
Therefore, we conclude that physically plausible impact
splash interactions between such bodies would have re-
sulted in chondrule-like but basaltic spherules, which are
not observed in the meteoritic record. Contrary to Asphaug
(2017), we argue that this is a telltale-sign that no such in-
teractions took place in the early solar system and that plan-
etesimals with large-scale interior magma oceans were not
abundant in the source reservoir of today’s asteroid main
belt. Potential reasons for this may be delayed planetesi-
mal formation, sub-canonical 26Al abundances in the plan-
etesimal formation region, efficient heat source redistribution
by migration of aluminum-rich melts to the surface (Wilson
and Keil, 2017), or widespread collisional interactions of fully-
molten bodies were prevented by environmental (disk condi-
tions) or dynamical (collisional growth-related) mechanisms,
for instance, efficient collisional recycling in the source reser-
voir of nowadays asteroid belt. Furthermore, it would imply
that iron meteorites would have been primarily formed via in-
complete metal-silicate differentiation or must originate from
larger bodies than currently anticipated (Lyons et al., 2017).
We suggest that these conclusions can help to achieve a bet-
ter understanding of the early dynamical environment during
the solar protoplanetary disk phase, because it excludes the
part of the parameter space that leads to widespread gener-
ation of droplet-like and basaltic material feeding the asteroid
main belt.
We argue that the debate of a collisional (or ‘planetary’)
origin of chondrules needs to take into account the compli-
cations of the combined planetesimal evolution and recycling
efficiency during accretion. The early formation and reaccre-
tion of planetesimals of low mass and/or under sub-canonical
26Al abundances opens the window to a vast collisional pa-
rameter space, which may satisfy many geo- and cosmo-
chemical constraints derived from the meteoritic record. We
have sketched one such accretion-collision cycle to generate
chondrules in Figure 11. In the future, the dynamical feasi-
bility and implications of our proposed chondrule formation
scenario can be explored with astrophysical models that si-
multaneously solve for a global planetesimal source system
and achieve sufficiently high mass resolution to resolve the
low-mass bodies we focused on in this work (e.g., Levison
et al., 2012; Morishima, 2017).
In summary, we propose that the linkage of the initial plan-
etesimal size-frequency distribution, formation time, interior
evolution and collisional recycling may be further used to
constrain the formation of chondrules and subsequently the
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chondrite parent bodies. The collisional chondrule forma-
tion scenario links the chondrule origin to the formation of
the terrestrial planets and the solar system architecture we
observe today. Details of the model – such as the exact
disk conditions necessary to create such an environment
and the thermo-physical processes and energy localization
during collisions – demand detailed physical and chemical
models on many spatial and temporal scales, which offer ex-
citing new pathways for the study of planet formation. These
models need to be further synchronized and tested against
precise laboratory data and may ultimately lead the way to a
better understanding of the earliest environment of the solar
nebula.
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Appendix A. Supplementary Figures
Figure A.1: Simulation outputs for planetesimal families with radii Rmax = 30 km and formation time regimes tform = (A) [0.1, 1.5], (B) [t-0.5, 1.5] and (C) [0.5,
1.5] Myr. See Figure 8 for a detailed description.
Figure A.2: Simulation outputs for planetesimal families with radii Rmax = 50 km and formation time regimes as in Figure A.1.
Figure A.3: Simulation outputs for planetesimal families with radii Rmax = 100 km and formation time regimes as in Figure A.1.
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Figure A.4: Thermal debris distribution for collision models with Rmax = 20 km, tform = [t-0.5, 1.5] Myr and collision velocities of (A) 1.0 km/s and (B) 2.0 km/s.
Black represents unmelted, purple partially melted, red chondrule-eligible (Tpost > Tchondrule) and yellow metal-depleted material. (Compare Figure 9.)
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Figure A.5: Thermal debris distribution for collision models with Rmax = 50 km, tform = [0.1, 1.5] Myr and collision velocities of (A) 1.0 km/s and (B) 2.0 km/s.
Black represents unmelted, purple partially melted, red chondrule-eligible (Tpost > Tchondrule) and yellow metal-depleted material. (Compare Figure 9.)
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Figure A.6: Thermal debris distribution for collision models with Rmax = 50 km, tform = [t-0.5, 1.5] Myr and collision velocities of (A) 1.0 km/s and (B) 2.0 km/s.
Black represents unmelted, purple partially melted, red chondrule-eligible (Tpost > Tchondrule) and yellow metal-depleted material. (Compare Figure 9.)
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Figure A.7: Thermal debris distribution for collision models with Rmax = 50 km, tform = [t-0.7, 1.5] Myr and collision velocities of (A) 1.0 km/s and (B) 2.0 km/s.
Black represents unmelted, purple partially melted, red chondrule-eligible (Tpost > Tchondrule) and yellow metal-depleted material. (Compare Figure 9.)
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Figure A.8: Thermal debris distribution for collision models with Rmax = 100 km, tform = [0.1, 1.5] Myr and collision velocities of (A) 1.0 km/s and (B) 2.0 km/s.
Black represents unmelted, purple partially melted, red chondrule-eligible (Tpost > Tchondrule) and yellow metal-depleted material. (Compare Figure 9.)
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Figure A.9: Thermal debris distribution for collision models with Rmax = 100 km, tform = [t-0.5, 1.5] Myr and collision velocities of (A) 1.0 km/s and (B) 2.0
km/s. Black represents unmelted, purple partially melted, red chondrule-eligible (Tpost > Tchondrule) and yellow metal-depleted material. (Compare Figure 9.)
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Figure A.10: Thermal debris distribution for collision models with Rmax = 100 km, tform = [t-0.7, 1.5] Myr and collision velocities of (A) 1.0 km/s and (B) 2.0
km/s. Black represents unmelted, purple partially melted, red chondrule-eligible (Tpost > Tchondrule) and yellow metal-depleted material. (Compare Figure 9.)
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